ABSTRACT: Reverse Shoulder Arthroplasty (RSA) has gained popularity over the recent years, but impingement concerns are still present. Surgeons aim to correct pre-operative glenoid deformities to reduce impingement but it can be challenging without assistance like patient specific guides. However, it is unclear how accurate glenoid correction affects the impingement. The main objective of this study was to determine whether accurate glenoid correction to neutral version and tilt can reduce the risk of impingement. Two types of virtual surgeries were performed on 22 pre-operative arthritic shoulders: (i) "Interactive," the glenoid baseplate could be placed with accuracy, and (ii) "Blind," surgeons placed the RSA baseplate while they could only visualize the glenoid. The virtual models were then used in an RSA biomechanical model which recorded impingement for (i) four Range of Motion (ROM) tasks, (ii) ten Activities of Daily Living (ADL). The "Blind" method resulted in more variable glenoid placement (version and tilt) than the "Interactive" method (p ¼ 0.001). However, both methods showed similar ROM and impingement occurrence in ADLs. The results suggest it is challenging for surgeons to accurately correct version and tilt on arthritic glenoids when only referencing off of the face of the glenoid. However, the variable glenosphere placement observed in the "Blind" method did not result in worse impingement compared to the accurate "Interactive" method. This was because both methods had similar inferior baseplate positioning which is more important than correcting version or tilt. Implantation accuracy remains important in RSA, but preoperative planning should not just target at correcting version and tilt. ß
Reverse shoulder arthroplasty (RSA) has proven a reliable solution for relieving pain and restoring function in patients that suffer from cuff tear arthropathy (CTA). 1 However, scapular notching 2 and limitations on range of motion (ROM) 3 remain a concern. Both of these clinical limitations are correlated to impingement of the humerus and/or humeral socket on the surrounding scapular bone.
Several studies have investigated how glenoid component positioning can affect impingement and ROM. This has led to the clinical recommendations of correcting glenoid deformities while placing the glenoid component inferior on the face of the glenoid. 4, 5 Over the last few years, several studies have focused on the benefits of RSA surgical accuracy which can be achieved with devices like patient-specific instrumentation (PSI). 6, 7 The aim of those devices is to assist surgeons to accurately place the glenoid component and correct glenoid deformities. Several authors used cadavers 8, 9 or real patients 10 to show how the use of PSIs increased glenoid placement accuracy in correcting pre-operative version and inclination (tilt). 11 In a recent cadaveric study, Throckmorton et al. 12 showed that the use of PSI resulted in glenoid component placement that was more accurate than the traditional instrumentation. The aim of the previous studies was to prove the accuracy of the PSIs on helping the surgeons correcting pre-operative version and tilt. However, it is still not clear how the improved accuracy seen with PSI on correcting version and tilt can help in alleviating the primary clinical concern of impingement. Patient specific guides in total knee replacement have not demonstrated any substantial improvements in patient function compared to traditional methods, even though they have proved to be more accurate. [13] [14] [15] The objectives of this study were to investigate (i) whether surgeons can accurately correct glenoid deformity on OA subjects when they cannot visualize the full body of the scapula, and (ii)determine whether accurate RSA glenoid placement to neutral version and tilt can improve impingement. We hypothesized that impingement will decrease during a set of standardized (e.g., abduction, forward flexion) and functional activities (e.g., activities of daily living-ADLs) after accurate implantation.
MATERIALS AND METHODS
This basic science biomechanical study used CT scans from a pre-operative OA cohort and it was approved by the Hospital for Special Surgery Institutional Review Board, study number 13101 (Review of pre-operative CT images of arms from Hospital for Special Surgery patients prior to shoulder surgery, period: 6/27/13-6/26/14). The neck/shaft angle of the prosthesis and the humeral cut was at 135˚. However, the humeral bearing had a 12å ngulated wedged shape with the widest part placed medially. This means that the neck/shaft articulated surface was at 147˚ (Fig. 1) .
Virtual Computer Surgery
Two types of RSA procedures were performed on the glenoid of each of the 22 glenoids:
(1) The "Interactive" surgery was operated by a single orthopaedic surgeon. In this virtual surgery, the surgeon could fully visualize the 3D model of the scapula and place the glenoid plate using the 3D and 2D-CTScans views. The surgeon received training on how to operate and use all the tools of the software for accurate measurements and placement of the glenoid component. (2) The "Blind" surgery was performed by two surgeons with different levels of RSA experience. This surgery simulated intra-operative conditions by covering most of the scapula body and exposing visually only the glenoid face. Both surgeons had prior training on using the software, but no tools for measuring angles or distances were provided to them (Fig. 2) .
The target in both procedures was for the surgeon to place glenoid component by correcting the version and inclination of the OA glenoid to neutral values (0˚version, 0˚tilt), as well as choose the most inferior placement possible. 18, 19 After the placement of the virtual glenoid plate, the excess bone of the arthritic glenoids was removed. The 36 mm glenosphere was assembled after the baseplate was in place.
The humeral component was placed using the full 3D model views of the humeral reconstructions. The humerus was resected at its anatomical neck and the resulting neck/ shaft angle of the bearing surface was 147˚(per manufacturer surgical guidelines). The stem was placed with 0˚of humeral version, which was calculated based on the epicondylar axis. The "Interactive" method gave the surgeon the chance to measure distances and angles interactively in a 2D and 3D environment, while the 3D model of the scapula was fully visualized (A). In the "Blind" method, the body of the 3D scapula model was covered, exposing only the glenoid, acromion and coracoid and the surgeons did not have any tools to perform any measurements (the two different baseplates show the position that each surgeon preferred when they used the "Blind" method) (B).
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Models and Kinematic Inputs
The 3D bone models were used to customize an RSA musculoskeletal biomechanical model. 20 The appropriate landmarks of the humerus and scapula were identified to build the corresponding coordinate systems according to ISB. 21 The glenohumeral joint of the biomechanical model is modeled with three degrees of freedom (no translations) where the center of rotation is the concentric center of the cup and glenoid sphere. The biomechanical model (that describes the shoulder and elbow) has a total of 11 degrees of freedom and simulates scapula kinematics during humerothoracic motion (Fig. 3) . 22 The risk of impingement for the two implantation methods was determined for a set of kinematic activities that included:
(1) Standardized activities, consisting of abduction, forward flexion, and scapular plane elevation from 0˚to 160˚; external rotation from neutral to À80˚(minus indicate external); and internal rotation from neutral to þ80˚(the humerus maintained a 20˚elevation during internal and external rotation). (2) Activities of daily living (ADLs) ( Table 1 ): A set of 10
ADLs including hygiene, feeding, and everyday objects were tested. The kinematic data were taken from a published database where healthy subjects were recorded performing ADLs with a motion analysis system. 23 
Impingement Detection Algorithm and Outcomes
The RSA biomechanical model detected impingement with the help of a custom-made algorithm. The impingement algorithm detected any contact of the virtual 3D models. Contact was defined just as the graphical overlap of the 3D models and two different types of impingement were defined: (i) intra-articular impingement as the contact of the polyethylene cup to the glenoid, and (ii) extra-articular impingement as the contact of the humerus to the acromion or coracoid. When impingement was detected during a motion, the position of the graphical contact was recorded without stopping or altering the motion. Overall impingement is referred as the combined intra and extra articular impingement.
For standardized activities, the outcome was the impingement-free ROM (measured in degrees and defined as: Maximum abduction-minimum adduction without impingement and maximum internal-maximum external rotation without impingement) for each of the activities. For ADLs, the risk of impingement was assessed as the collective frequency of impingement across a cycle of motion. This was reported as the percent (%) of full activity in which impingement occurred (i.e., % of impingement/cycle of motion). The different impingement sites on the scapular surface were also recorded.
Statistical Analysis
Repeated measures ANOVA with Bonferroni pair wise comparison was performed to compare the variances of ROM (for standardized activities) and duration and frequency (for ADLs) of impingement between the groups (interactive and blind). Statistical significance was assumed when p < 0.05.
RESULTS

Glenoid Component Positioning
The two types of surgeries resulted in different postop glenoid placement. The "Interactive" method showed a deviation from the target (0˚version and tilt) that on average was very small for both glenoid version (average 0.6 AE 0.8˚, range 0.0-3.6˚) and tilt (average 0.3 AE 0.4˚, range from 0.0-1.1˚). In contrast, the "Blind" method resulted in significantly larger deviation from the target; the version averaged 5.7 AE 6.2˚(p ¼ 0.001, range 0.1-33.3˚) and the tilt averaged 11.5 AE 6.3( p ¼ 0.000, range 0.1-33.5˚). There were no significant differences between the two surgeons using the "Blind" method on correcting the version and tilt (Table 2 ). 
IMPINGEMENT IN ACTIVITIES OF DAILY LIVING
The infero-superior and antero-posterior deviations of the glenoid placement between the "Interactive" and "Blind" methods were very small (0.0 mm AE 1.5 mm, p ¼ 0.931 and 0.6 mm AE 1.2 mm, p ¼ 0.094 accordingly). Only the medial-lateral deviation between the two methods was significant, with the "Blind" method resulting in more lateral placement by 1.2 mm AE 1.5 mm, (p ¼ 0.003).
The placement of the glenoid baseplate during the "Blind" method resulted in glenoid vault violation of the central peg in nine subjects compared to no violations in the Interactive methods (violations in "Blind" method: Surgeon A n ¼ 7, surgeon B n ¼ 7, common violations between surgeons A and B n ¼ 4).
ROM During Standardized Activities
There were no significant differences in ROM between the two methods, or between the surgeons, used the "Blind" method in any of the standardized activities (p > 0.202 for any given ROM pairwise comparison, Fig. 4 ).
Impingement During ADLs
Impingement results during the simulated ADLs also showed no significant differences between the two methods ("Interactive" and "Blind"), or between the surgeons that used the "Blind" method. The amount of impingement varied substantially between the subjects, but also amongst the different activities. The highest amount of impingement occurrence was observed for the activity, "Reach opposite side of neck" (37 AE 10% and 36 AE 10% for "Interactive" and "Blind" methods, respectively). Other high impingement occurrence activities were: "Reach Opposite axilla," "Comb hair," and "Lift object to head height," Fig. 5 ). On average, the intra-articular impingement occurred more often than extra-articular impingement (average ratio of intra/extra articular impingement: 1.7 AE 1.5 and 1.6 AE 1.9 for "Interactive" and "Blind" methods respectively, p ¼ 0.433). However, activities such as "Reach back of head" and "Lift object to head height" showed more extra-articular impingement than intra-articular (Fig. 5 ).
There were multiple sites of impingement on the scapula, with the most frequent located at the superior, anterior and inferior borders of the glenoid. Frequent extra-articular impingement sites included the acromion as well as the coracoid (Fig. 6 ).
DISCUSSION
The results of the glenoid placement between the two methods ("Interactive" vs. "Blind") clearly showed that when surgeons could not visualize the full scapula, they underestimated the pre-operative glenoid version and tilt and failed to accurately place the glenoid component at the instructed target (neutral version and tilt). This was expected since the deformities of the arthritic scapulae make it difficult for surgeons to correctly identify the alignment of the glenoid when they cannot visualize the full body of the scapula. The set of the 22 arthritic scapulae used in this study had moderate deformities with the glenoid version varying from 12.7˚retroversion to 6.2˚anteversion, which means that surgeons may fail to accurately correct the glenoid alignment even when the deformities are modest.
However, the improved accuracy seen in the interactive group did not result in improved impingement for either the standardized activities, or ADLs. This may be explained by the fact that there were no differences seen between the two groups in terms of 
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placing the glenoid component inferior on the face of the glenoid. There are numerous clinical and biomechanical studies investigating RSA glenoid placement and how it can minimize impingement. 18, 19, [24] [25] [26] So far, it is widely accepted that glenoid inferior placement and lateralization, which can be achieved either by implant design or by bone graft-BIO-RSA, 4 are very effective methods to reduce impingement and scapular notching. However, other factors, like the glenoid version and tilt remain debatable 25, 27 and the results of this study suggested that correction of version and tilt did not affect the prosthesis. Therefore, we conclude that the RSA can be forgiving if the glenoid version and tilt is not fully restored to neutral, provided that it is placed low on the glenoid. It should be noted though, that this may only be true for impingement, and there may be negative ramifications of varying version and tilt in the fixation and stability.
Patient specific instrumentation has shown to increase accuracy on glenoid component placement for both TSA and RSA. 7 PSI guides are produced based on a preoperative plan and are designed to assist surgeons to accurately achieve the pre-determined target of the preoperative plan. However, it is not clear what the goals of pre-operative planning should be, with most of the studies indicating that correction of version and tilt should result in minimum impingement. This study showed that even when an "Interactive" method was used to accurately correct glenoid version and tilt the impingement was not significantly different from the "Blind" method.
The inclination and version of the glenosphere can affect the load on the fixation. Gutierrez et al. 28, 29 suggested that glenoid placement with inferior tilt can reduce inferior impingement as well as the shear forces at the bone-prosthesis interface. The amount of compressive and shear forces are critical for the fixation, but so is the quality of the bone that supports the baseplate in RSA. This study did not investigate how the different methods affected the bone quality, but the data showed that the "Interactive" method resulted in a more medial baseplate placement; the latter is suggesting that there was a need for more glenoid reaming in order to correct the glenoid to neutral version and tilt. Excessive reaming into the trabecular bone can compromise bone quality. Given that ROM and impingement in ADLs were not IMPINGEMENT IN ACTIVITIES OF DAILY LIVING different between the two methods, it is debatable whether the extra reaming required correcting the version and tilt will compromise the fixation. Further studies need to consider primary stability as well as impingement to define the best placement for RSA.
The impingement results showed that the superior and anterior glenoid border as well as the acromion and coracoid were frequent sites of impingement during the ADLs. There was often contact of the humeral cup with the anterior glenoid border in the activities requiring internal rotation and/or cross body adduction (e.g., "Reach opposite axilla"), while there was contact of the humerus with the acromion in the activities that required arm elevation (e.g., "Lift object to head height"). Recent studies 30, 31 have also reported the occurrence of superior impingement with the acromial arch and the coracoid tip. This may be especially relevant when platform humeral stems with an onlay humeral tray design are used. On average, impingement on the posterior glenoid wall was less frequent compared to the anterior glenoid border. This was mainly due to the set of activities that was simulated in the study, which did not include movements with high external rotation or shoulder extension. Furthermore, multiple subjects had highly retroverted and posteriorly eroded glenoids with less pronounced posterior border that reduced impingement (compared to anterior).
The results also showed that impingement amongst the subjects were highly variable. This means that impingement is dependent by the subject's scapular anatomy. The size and shape of the glenoid, coracoid, and acromion can vary significantly within the population. Pre-operative planning based on a motion analysis of a wider set of ADLs needs to be consider for improving the functional results of patients with RSA and minimize impingement.
This study used only one type of RSA design with a single glenosphere size 36 mm (which is the most frequently used). Thus, the impingement results of this study represent the specific prosthesis. There are multiple commercial designs with varying neck/ shaft angles (from 155 to 135) and multiple glenosphere sizes (from 36 mm to 44 mm) and the literature has shown that both parameters can affect impingement. 20, 29 However, this study was focused on glenosphere placement and it was important to keep the design parameters constant in order to conclude whether neutral version and tilt can reduce impingement.
Several limitations need to be highlighted in the current study. Even if the study tried to simulate intra-operative conditions by covering most of the scapular body, virtual surgery cannot simulate other challenges that surgeons face during a real operation, namely the glenoid exposure. During intraoperative conditions surgeons have the advantage of the tactile feedback to feel the glenoid geometry and estimate landmarks/deformities. Nevertheless pathologic specimens do pose a challenge for the surgeons to accurately identify the alignment of the glenoid (version and tilt) and we believe that the clear difference of the results on the glenoid component alignment (between the two methods) reflects the problem. The latter suggests that surgeons may benefit by the use of patient specific instrumentations in order to achieve accuracy.
In this work, it was important to simulate the scapula-thoracic motion in order to estimate correctly the location of intra and extra-articular impingement. It is well documented how the scapula motion contributes to the large shoulder ROM. However, the kinematics data of the ADLs were derived from healthy subjects. This is a limitation of the study, since it has been shown that scapula-thoracic motion increases, and takes on a more predominate role in overall shoulder motion following a RSA. 32 It is unclear how these differences between normal and post-RSA scapular kinematics would affect impingement in ADLs.
There were ten ADLs simulated in this study. However, the list does not include activities with large internal rotation like "Hand behind the back," or toileting and dressing activities. This is another limitation of the study, since it is frequently reported that those types of activities are challenging for patients with RSA. It is unclear whether the restriction is due to the impingement or the lack internal rotator muscles. Future similar biomechanical studies of RSA should include a wider and more challenging set of activities.
CONCLUSION
The results of this study showed that it is challenging for surgeons to accurately correct version and tilt on arthritic glenoids when they cannot fully visualize the scapula. However, accurate correction of the deformed glenoids to neural version and tilt did not result in improved impingement either in ROM or in ADLs. This is likely because of the inferior glenoid component placement that was achieved in both methods, something that is very important on minimizing impingement. Therefore, it is possible that the RSA is forgiving to incomplete corrections of version and tilt as far as the glenosphere it is placed inferiorly. However, it remains to be seen how RSA glenoid component placement results in stability and fixation. Further studies are needed to determine those factors. 
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